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The sulfur (S) isotope composition of pyrite in the sedimentary record has played an important part in our understanding of the evolution of biogeochemical cycles throughout Earth history. However, the kinetics of pyritization are complex and depend strongly on the reactivity and mineralogy of available iron. As a second major sink for sulfide in anoxic sediments, organic matter (OM) provides essential context for reconstructing the distribution and isotopic composition of environmental sulfide. To first order, roughly parallel pyrite and OM δ 34 S profiles reflect changes in sulfide, while independent patterns require alternative explanations, including changes in iron availability or OM characteristics. We apply this framework to Ocean Anoxic Event 2 (OAE-2, ∼94 Mya), a period of enhanced burial of reduced C and S (in OM and pyrite) that has been associated with an expansion of reducing marine conditions. We present paired S-isotope records for pyrite and OM along with profiles of OM S:C ratio and S redox speciation from four well-characterized lithologic sections with a range of depositional environments (Pont d'Issole, Cismon, Tarfaya Basin, and Demerara Rise) to reconstruct both local redox structure and global mechanisms impacting the C, S and Fe cycles around OAE-2. OM sulfurization appears to be a major control on OM preservation at all four sites. Similar to modern anoxic environments, there is a positive correlation between OM S:C ratios and TOC concentrations for sites with more reducing conditions, implying a link between OM sulfurization and burial. At consistently anoxic sites like Tarfaya Basin and Demerara Rise, strongly sulfurized OM with a consistent S redox speciation and S-isotope composition most likely formed rapidly in sinking particles before, during, and after OAE-2. Particle-hosted OM sulfurization may therefore have been a central mechanism facilitating the massive burial of OM in anoxic environments during this and other periods of enhanced global carbon burial. At the same time, a nearly 25h negative shift in the δ 34 S values of pyrite -but not OM -occurs
Introduction
Ocean Anoxic Event 2 (OAE-2, also termed the CenomanianTuronian Boundary Event) was a period of dynamic changes in the global carbon cycle in the Cretaceous (∼94 million years ago, Mya) during which a large portion of the global ocean experienced OM sulfurization can enhance the preservation of total organic carbon (TOC) under anoxic conditions (Boussafir et al., 1995) and has been described in TOC-rich (>10 wt%) OAE-2 shales (Hetzel et al., 2009; Kolonic et al., 2002) as well as in interbedded carbonates and marly shales with more moderate (0.2-3 wt%) TOC (Raven et al., 2018) . Still, it remains difficult to quantify the impact of sulfurization on OM preservation under different environmental conditions, much less to extrapolate to global fluxes of reduced sulfur and carbon burial or to estimate how those fluxes might change before, during, and after OAE-2.
Primary considerations for determining the significance of sulfurization for TOC burial are the rates and locations of S cycling in the environment. Two distinct timescales of sulfurization reactions occur in modern environments: gradual sulfurization reactions between bisulfide (HS − ) and relatively recalcitrant OM occur over thousands of years under strongly reducing conditions (Werne et al., 2008) , and rapid sulfurization reactions between polysulfides (S 2− x ) and relatively fresh, labile OM occur on timescales of days near dynamic redox interfaces, for example in sinking marine particles (Raven et al., 2016a) . Rapid sulfurization has the potential to have a much more dramatic impact on TOC burial because it can compete with microbial heterotrophy and preserve part of the relatively large pool of fresh OM sinking out of the surface ocean (Raven et al., 2018) . Still, particle-hosted OM sulfurization has not been explicitly considered in analyses of TOC and sulfur burial during periods of expanded oceanic anoxia like OAE-2.
Sulfur-isotope ratios (expressed as δ 34 S values) are powerful tools for reconstructing the sources of sulfide in the environment as well as its various potential sinks, including reoxidation or precipitation as either abiogenic organic S or pyrite (FeS 2 ). Near the onset of OAE-2, previously published S-isotope profiles of pyrite from multiple sites show intriguing shifts toward 34 S-depleted values that have been interpreted in terms of changing marine sulfate concentrations (Adams et al., 2010) , local chemocline position (Gomes et al., 2016) , and the extent of oxidative microbial sulfur cycling (Hetzel et al., 2009; Kolonic et al., 2002) . Although each of these hypotheses invoke changes in the distribution or δ 34 S value of sulfide in the environment, OAE-2 is also associated with major changes in iron cycling due to inputs from active rifting and volcanism (Owens et al., 2012) (Raven et al., 2018) ; all other data are new to this study. Our results indicate that the strong negative shift in pyrite δ 34 S values from globally dispersed sites likely reflects a change in the quantity or speciation of iron delivery to these locations. We also find evidence for a generalizable relationship between sulfurization intensity and OM preservation in sediments, which implies that OM sulfurization can be a primary driver of changes in C burial during OAE-2 and throughout the Phanerozoic.
Brief methods
Samples were prepared from previously sampled sections (see descriptions in Results) by sequential extraction (Canfield et al., 1986; Raven et al., 2018) , as detailed in the Supplementary Information. Powdered rock samples were washed with deionized water, lyophilized, and microwave-extracted to remove organicsolvent soluble S, including any elemental S. Solids were weighed before and after acidification to estimate carbonate mineral ('carbonate') abundance. Pyrite in the carbonate-free sediments was extracted by treatment with hot chromium (II) chloride solution and the released sulfide, which we refer to as 'pyrite', was trapped as ZnS. Washed ZnS solids were oxidized to sulfate, quantified by ion chromatography, and precipitated as BaSO 4 for S-isotope analysis. Remaining solids after chromium reduction are considered 'organic S'. All C-and S-isotope ratio measurements were made by combustion EA-IRMS at Washington University in St Louis and are reported in per mil (h) units relative to VPDB and VCDT, respectively (see Supplementary Information for analytical details). Error bars on figures (±0.5h for δ 34 S and ±0.2h for δ 13 C) represent typical standard deviations of results for external replicates (separately processed sample splits; n ≥ 3). To determine the bonding environment of organic S, extracted sediments were analyzed by X-ray absorption spectroscopy on beamline 14-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC National Accelerator Laboratory (see Supplementary Information). 
Study sites and results
The Pont d'Issole section was deposited in a subsiding basin within the northern Tethys Ocean (∼30 • N, Fig. 1 ) in several hundred meters of water depth with an average sedimentation rate of roughly 2.4 cm/yr (based on a 12-m-thick C-isotope excursion spanning ∼500 kyr; Jarvis et al., 2011) . Samples were collected at outcrop in 2011. A selection of mostly OM-lean carbonates from this section were analyzed previously for S-isotopes in pyrite and carbonate-associated sulfate (Gomes et al., 2016 and to the left of the 1:1 line in the cross-plot in Fig. 2 .
At Cismon, a narrow, ∼35-cm-thick layer of TOC-rich (6.5-21.4 wt%) black shale corresponds to part of the OAE-2 C-isotope excursion, although major portions of the C-isotope excursion are absent due to hiatuses (Gambacorta et al., 2015; Gomes et al., 2016) . On either side of this lithologic unit, corresponding to the Bonarelli Layer, rocks from Cismon are bedded layers of TOClean (≤0.05 wt%), micritic foraminiferal limestones with occasional cherts and grey shales (Bellanca et al., 1996; Gambacorta et al., 2015 Erbacher et al., 2005) are generally described as laminated TOCrich marl to black shales, with an apparent average sedimentation rate of ∼0.8 cm/kyr for the 4.0-m-thick C-isotope excursion (Owens et al., 2016) . On a carbonate-free basis, concentrations of TOC, organic S, and pyrite S show no large-scale trends across the onset and termination of the OAE ( Fig. 4 ; Owens et al., 2016) . Due to reduced carbonate concentrations during the C-isotope excursion, there is a perceived increase in pyrite and TOC concentrations across this interval on a whole-rock basis (Hetzel et al., 2009) . Sediments are extremely OM-rich (Erbacher et al., 2005; Hetzel et al., 2009) , containing an average of 24 wt% TOC ( Fig. 4 ; Owens et al., 2016) and 4.1 wt% organic S on a carbonate-free basis. These concentrations of organic S exceed those of pyrite S by roughly five times. Organic matter δ 34 S values are far less variable than pyrite values; although samples after the onset of the OAE are in the vertical profile comprising very TOC-lean carbonates; note different scales for the upper and lower panels. The duration of this gap is ∼2.9 Myr based on foraminiferal biozones, with an uncertainty of ±0.55 Myr for each stratigraphic interval (Bellanca et al., 1996; Gambacorta et al., 2015) . Lithology and published pyrite data (black triangles) are from Gomes et al. (2016) . Vertical purple line for δ 34 S OS-py shows δ 34 S pyrite = δ 34 S OS . Tarfaya Basin sediments (sampled from Shell exploration core S75) were deposited on the outer shelf of northwest Africa during a series of transgressive cycles associated with rifting of the southern North Atlantic Basin. High productivity and high sedimentation rates (averaging ∼3.3 cm/kyr across the 16.5-m-thick C-isotope excursion; Kolonic et al., 2005) supported the formation of extremely TOC-rich black shales and somewhat less TOCrich carbonates, which alternate on apparently orbital timescales (Kolonic et al., 2005 (Kolonic et al., , 2002 Poulton et al., 2015; Fig. 5 ). This variation is also apparent in the δ 34 S profile of pyrite, which is consistent with lower resolution data from Kolonic et al. (2002) at the onset of OAE-2 and a gradual increase thereafter, reaching ∼4h in the top of the section.
X-ray absorption spectroscopy was used to quantify the relative contributions of different forms of organic S to the total solvent-and acid-insoluble OM pool (Eglinton et al., 1994; Vairavamurthy, 1998) . At Demerara Rise and Tarfaya Basin, the speciation of organic S is remarkably consistent before, during, and after the OAE-2 C-isotope excursion (Fig. 6) , contrasting the variation observed in the Pont d'Issole profile ( Fig. 6 ; Raven et al., 2018) . Additionally, as summarized in Supplementary Table 1, the redox speciation of S-rich OM (S:C ≥3%) is quite comparable at all four sites, with over half of organic S present as alkyl sulfides and substantial amounts of disulfides and sulfonates. There are subtle, yet robust, site-to-site differences in organic S speciation, with Demerara Rise OM richer in disulfides and leaner in aromatic S forms than OM from Cismon, Tarfaya Basin, and Pont d'Issole shales. In less strongly sulfurized samples from Pont d'Issole, the relative proportions of oxidized organic S forms -sulfonates and sulfate esters -are generally higher at the expense of alkyl sulfides (Raven et al., 2018) .
Discussion

Organic matter S:C ratios and local redox state
The S:C ratio of OM provides an indicator of the relative intensity of sulfurization reactions, with primary biomass values typically below 1 mol% and strongly sulfurized OM exceeding ∼3 mol% (Francois, 1987) . OM S:C ratios can also be used to infer the location of sulfurization (e.g., in particles sinking through the water column, at the sediment-water interface, or within the sediments), which is largely a function of the redox structure of the local depositional environment. Elevated OM S:C ratios require organic substrates with a high density of functional groups available to react with (poly)sulfide; we refer to these groups as functionally 'sulfurizable moieties,' recognizing that certain moieties may be conditionally sulfurizable, contingent on the chemical and physical properties of the environment (Blair and Aller, 2012) . Still, we broadly expect the highest concentrations of sulfurizable moieties in surface water, where fresh marine OM is relatively rich in sulfurizable aldehydes, alcohols, and conjugated double bonds (Amrani and Aizenshtat, 2004) . The concentration of these moieties in particulate OM will decrease with depth as microbial heterotrophs degrade and consume oxygen-and energy-rich components of the milieu like sugars and proteins (Hedges et al., 1999) . Fig. 7 illustrates how the relationship between the S:C ratio and concentration of TOC for the four compiled OAE-2 sites compares with published data from modern environments with different redox conditions. Bottom waters from Cariaco Basin (labeled '1') are sulfidic below ∼250 m water depth ; bottom waters from the Peru ('2') and Namibian ('3') Margins are O 2 -depleted but rarely sulfidic, with sulfidic sediments (Dale et al., 2009; Eglinton et al., 1994) ; bottom waters in Santa Barbara Basin ('4') are intermittently oxic, with sulfidic sediments; and both the bottom water and shallow sediments in the Gulf of Lion ('5') are oxic. Among these modern sites, S:C ratios and OM concentrations are highest in sediments from the sulfidic Cariaco Basin and lowest in sediments from the oxic Gulf of Lion. Of course, each of these sites is also affected by unique chemical and physical characteristics of the environment. For example, sedimentation rates are high on the Peru Margin due to the weathering of the Andes and the abundance of detrital silica from diatoms, both of which presumably dilute OM concentrations relative to other sites (Fig. 7) . Despite this caveat, these modern sites conform to a trend toward higher S:C ratios and higher OM concentrations associated with increasingly O 2 -limited environments.
The S:C ratios and TOC concentrations for modern sites overlap with the range of data from Pont d'Issole and Cismon (Fig. 7) . At least in terms of these bulk parameters, OM-lean carbonate rocks from both sites resemble modern deposits from the oxic Gulf of Fig. 6 . Organic S speciation in organic matter. XAS and OM S:C (mol%) ratios show consistent organic S redox speciation among Demerara, Tarfaya, and Cismon samples and more variable speciation associated with local environmental change in Pont d'Issole. The red shaded intervals correspond to the OAE-2 C-isotope excursion at each site. Categories of reduced S structures (aromatic, disulfide, and sulfide) can be confidently distinguished, but specific identifications within these groups (e.g., between sulfides and thiols) are tentative. Fig. 7 . Global relationship between sulfurization intensity and TOC preservation. Relationships between the intensity of sulfurization (molar S:C ratio) and TOC concentrations (mmol/g on a carbonate-free basis) are shown on log (left) and linear (right) scales; for versions of these plots on a whole-rock basis, see Supplementary Fig. 1 . Circled numbers on left panel refer to published values from modern environments: (1) Cariaco Basin sediments ; (2) the Peru Margin (Eglinton et al., 1994) ; (3) the Namibian Margin (Dale et al., 2009 ); (4) Santa Barbara Basin sediments (Raven et al., 2016b) ; and (5) Gulf of Lion sediments (this study; Supplementary Table 2) .
Lion, and more TOC-rich shales from Pont d'Issole resemble more O 2 -limited sites like the Peru Margin and Cariaco Basin. In a previous study that focused only on samples from Pont d'Issole, positive correlations among OM S:C ratios, TOC concentrations, and OM δ 34 S values were attributed to changes in local redox conditions (Raven et al., 2018) , consistent with these modern analogs. During more O 2 -limited periods at Pont d'Issole, rapid OM sulfurization reactions likely generated OM with S:C ratios near 5% in the water column or near the sediment-water interface, where relatively fresh OM contains at least that concentration of functionally sulfurizable moieties. During more oxic periods, gradual sulfurization reactions in sediments affected older OM (≥10s of years) with a lower concentration of sulfurizable moieties and generated OM with S:C ratios closer to 2% (Raven et al., 2018) .
Southern proto-North Atlantic OAE-2 samples extend the trend in Fig. 7 toward even greater OM concentrations and S:C ratios than those associated with bottom water anoxia at Cismon, Pont d'Issole, and modern sites. We lack modern analogues for remarkable hotspots of TOC burial like Tarfaya Basin, which had an outsized role in driving changes in the OAE-2 C and S cycles (Kolonic et al., 2005; Sinninghe Damsté and Köster, 1998) . At both Demerara Rise and Tarfaya Basin, there is abundant evidence for water column euxinia and at least intermittent photic zone anoxia. Finely laminated sediments from Demerara Rise (Erbacher et al., 2005) contain only occasional benthic foraminifera (Friedrich et al., 2009) , iron speciation documents local sulfidic conditions (Owens et al., 2016) , and trace metals also suggest reducing local conditions (Hetzel et al., 2009 ) that expand globally during the event (Owens et al., 2016) . At Tarfaya Basin, an anoxic and commonly The color scale labeled "POM react." represents a generalized decline in the reactivity of particulate OM with age since export from the photic zone. At left, the dashed red line and hatched redox state depict differences between sub-oxic and anoxic conditions. Under anoxic conditions, the zone of precipitation for pyrite and organic S would move upward with the chemocline. Diagram is not to scale.
sulfidic water column is evidenced by iron speciation, organic petrography, and the presence of biomarkers for phototrophic sulfide oxidizing bacteria (in nearby core S13; Kuypers et al., 2002; Poulton et al., 2015) . Still, there is also evidence for periodic, shortlived intervals of less strongly reducing conditions (Poulton et al., 2015) , potentially contributing to slightly lower OM S:C ratios at this site than at Demerara. In general, however, reducing conditions at both southern proto-North Atlantic sites could have facilitated rapid, extensive sulfurization of a large pool of fresh OM in sinking particles with a high concentration of functionally sulfurizable moieties (Sinninghe Damsté and Köster, 1998). We emphasize that, in contrast with prior work, our conceptual model invokes near-instantaneous reactions between OM with some concentration of sulfurizable moieties and polysulfide, wherever sulfide and oxidants are first available in the environment. Polysulfide 'availability' for sulfurization will depend on microbial sulfate reduction rates, oxidant availability, and competition with Fe; importantly, however, it does not necessarily imply measurable free sulfide in the ('bulk') water column.
We can also compare OM from Demerara Rise and Tarfaya Basin with the results of laboratory sulfurization experiments utilizing fresh algal biomass or model compounds. In the presence of excess polysulfides, lipids and carbohydrates sulfurize to form macromolecular material in which characteristic components have S:C ratios around 2-3% (Gelin et al., 1998) and ∼6.7% (van Dongen et al., 2003) , respectively. For dissolved organic matter, bulk molar S:C ratios can apparently be much higher, reaching as much as 15% in recent experiments (Pohlabeln et al., 2017) . Still, the average S:C ratios of (bulk, particulate) OM from Tarfaya Basin (5.0%), Demerara Rise (5.9%), and Cismon shales (5.0%) indicate that the OM sulfurizing in these environments had a concentration of sulfurizable moieties similar to the constituents of fresh, carbohydrate-rich algal biomass. Experimental data thus lend credence to the hypothesis that rapid, likely particle-hosted, sulfurization drove OM preservation in the water columns of both Tarfaya Basin and Demerara Rise.
Broadly speaking, the relationship between S:C ratio, OM preservation, and local redox structure appears to be generalizable for marine environments, with the highest S:C ratios and TOC concentrations supported by rapid, particle-hosted sulfurization under strongly O 2 -limited conditions. The observation that OM sulfurization is an apparently major control on OM burial in diverse redox settings invites parameterization and application of this trend to models of carbon cycling on local to global scales and throughout the geologic record.
Interpreting organic matter and pyrite δ
S records
To first order, the sulfur isotope compositions of pyrite and organic S reflect the δ 34 S value of sulfide and/or polysulfide in the environment where that solid phase formed, with OM commonly ∼5-10h more 34 S-enriched than coexisting pyrite (Anderson and Pratt, 1995) . Accordingly, S-isotope ratios -of both pyrite and sulfurized OM -provide potentially powerful archives of information about the availability and distribution of sulfide in the environment. Several primary factors affect the integrated (poly)sulfide δ 34 S value recorded in pyrite and OM, including (1) the δ 34 S value of the sulfate used in microbial sulfate reduction (MSR, Fike and Grotzinger, 2008) ; (2) the fractionation factor associated with MSR (ε MSR , Kaplan and Rittenberg, 1964) ; (3) the position of the chemocline relative to diffusively 'closed' sediments (Jorgensen, 1979) and (4) the concentration of sulfate and resulting depth of sulfate depletion (Adams et al., 2010) . Importantly, all of these processes impact the distribution and/or δ 34 S value of (poly)sulfide in the environment and should therefore impact the S-isotope composition of both pyrite and OM, generating roughly parallel δ 34 S profiles. If pyrite and OM δ 34 S profiles are not parallel, then we need to invoke processes that affect these sinks differently.
At Pont d'Issole, OM and pyrite δ 34 S profiles move in roughly parallel between the TOC-rich and TOC-lean layers associated with OAE-2 (Fig. 2) . Accordingly, these phases appear to be primarily recording changes in the δ 34 S value or distribution of sulfide in the environment. Like OM δ 34 S values at this site (Raven et al., 2018) , pyrite δ 34 S values describe the extent to which sulfate was diffusively limited in sediments, shown schematically in Fig. 8 . Under conditions where O 2 concentrations are drawn down to zero at roughly the sediment-water interface (which we call 'sub-oxic' in Fig. 8 . As noted by the dashed vertical red line in Fig. 8 , the critical sulfidic environment(s) hosting these reactions could be very shallow sediments and/or particles sinking through the water column. In deeper carbonates from Cismon, OM is only weakly sulfurized (S:C averaging 0.6 mol%), so the connection between dissolved (poly)sulfides and the δ 34 S value of OM is less robust. High δ 34 S OS-pyrite values for samples with low S:C ratios (≤1.0 mol%) could reflect contributions from detrital, biomass, or macrofaunal exudate sources to organic S in addition to sulfurization.
Different processes impact δ 34 S patterns at Tarfaya Basin and Demerara Rise. A wealth of data supports the idea that the Tarfaya Basin and Demerara Rise water columns were typically euxinic before and after OAE-2, which would imply open-system S cycling that leads to 34 S-depleted pyrite and OM (Hetzel et al., 2009; Poulton et al., 2015) . Yet, δ 34 S values of pyrite and OM from both of these sites are near −5h at these times, much more 34 Senriched than samples from other sites with open-system MSR.
To reconcile these observations, we propose that the δ 34 S values recorded in plentiful OM at Tarfaya Basin and Demerara Rise do reflect the S-isotope composition of sulfide in sinking particles, and that this sulfide was relatively 34 S-enriched ( Fig. 9; below) .
Similarly, there is limited evidence for the existence of transiently 34 S-enriched sulfide in particles from Cariaco Basin during a period of peak productivity and sinking OM flux (Raven et al., 2016a) . Particles from this period contain abundant C 20 thiophene, a common sulfurized organosulfur compound, with a much more 34 Senriched composition (−14.1 to 3.1h) than during other times (−29.9 to −18.2h), indicating at least the transient existence of relatively 34 S-enriched (poly)sulfide in particles (Raven et al., 2016a ) despite deep basin sulfide δ 34 S values near −30h (Li et al., 2010) . The dramatic increase in inferred sulfide δ 34 S values in particles from Cariaco Basin, Tarfaya Basin, and Demerara Rise (Fig. 9) contrasts with the slight (∼5h) increases in sulfide δ 34 S value frequently observed in the uppermost portion of modern sulfidic water columns , which are attributed to oxidative S-cycling microorganisms and/or abiotic sulfide oxidation.
Thus, the δ 34 S values of strongly sulfurized OM and pyrite in TOCrich sediments may capture the signature of MSR occurring rapidly in sinking particles.
The large fluxes of fresh OM that reached O 2 -limited parts of the environment in both Tarfaya Basin and Demerara Rise make these sites likely candidates for the operation of rapid, substratereplete MSR, which could lead to relatively 34 S-enriched sulfide in particles via smaller isotope fractionations during sulfate reduction, sulfate drawdown within diffusively limited microenvironments, or both. The fractionation factor associated with MSR (ε MSR ) is highly variable and depends broadly on MSR rate (Kaplan and Rittenberg, 1964) . Although most marine systems have apparent S-isotope fractionation factors closer to the equilibrium fractionation between sulfate and sulfide of 72h, low ε MSR values (<25h) are associated with high rates of cell-specific MSR, on the order of >25 fmol H 2 S/cell/day (Wenk et al., 2017) , observed for sulfate reducers in laboratory settings with plentiful carbon substrates and nutrients. These "small" S-isotope fractionations are consistent with the 20-30h difference between seawater sulfate (at ∼19h) and apparent particle-hosted sulfide observed at Tarfaya Basin and Demerara Rise. Alternatively or in addition to changes in ε MSR , if particles are sufficiently large ( 1 mm), it is possible for sulfate to become diffusively limited within particle microenvironments (Louca and Crowe, 2017) , especially given relatively low seawater sulfate concentrations at this time (Lowenstein et al., 2003; Owens et al., 2013; Gomes et al., 2016) . Very high rates of MSR could therefore drive the remaining sulfate pool within microenvironments toward higher δ 34 S values and contribute to relatively 34 S-enriched sulfide.
The alternative explanation for our results attributes the relatively 34 S-enriched composition of pyrite and OM at Tarfaya Basin and Demerara Rise prior to the onset of the OAE to their formation from sediment porewater. Importantly, it also requires that these phases form semi-continuously during burial to the depths at which sulfate is nearly fully drawn down, to integrate to bulk compositions near −5h. Barring extreme sedimentation events, this implies maximum OM sulfurization rates on the timescales of at least tens to hundreds of years -sufficient to accumulate a diffusively limiting layer -not the days to weeks observed in Cariaco particles and laboratory experiments. Additionally, this explanation for Tarfaya Basin and Demerara Rise δ 34 S patterns is difficult to reconcile with the S:C ratio of OM. For OM to incorporate up to 6 mol% S gradually over at least years of aging, that OM must have retained a high density of sulfurizable moieties that were somehow also effectively inaccessible to heterotrophs. Theoretically, this could result from enhanced preservation mechanisms other than sulfurization, notably physical protection by association with clays or other mineral surfaces (Hedges and Keil, 1995) or the absence of bioturbating macrofauna (Middelburg and Levin, 2009 ). Still, the sheer abundance of OM in Tarfaya Basin and Demerara Rise sediments would overwhelm available clays, and it is difficult to envision a mechanism to sulfurize OM after many years of effective physical protection. We therefore consider a purely closed-system sedimentary origin for the moderately 34 S-enriched OM at Tarfaya
Basin and Demerara Rise improbable. Similar to OM throughout the section, pyrite in the lowest part of the section at both Tarfaya in the environment. In the case of pyrite at the onset of OAE-2 at Tarfaya and Demerara Rise, the observed shift indicates that the zone of pyrite formation expanded into deeper portions of the water column and/or sediment, integrating more 34 S-depleted sulfide generated from MSR at more typical (slow) environmental rates ( Fig. 9 ) for reasons we discuss below.
Global pyrite δ
S patterns and OAE-2 implications
The decrease in pyrite δ 34 S values prior to the onset of OAE-2 appears to be a widespread phenomenon, with remarkably similar profiles from Demerara Rise, Tarfaya Basin, and the Western Interior Seaway (Pueblo; Adams et al., 2010) . Because the ∼20h negative δ 34 S shift in pyrite at Tarfaya and Demerara is not observed in the δ 34 S profile of OM, it is not likely to primarily reflect changes in the spatial distribution or δ 34 S of dissolved sulfide in the environment. Instead, we propose that pyrite δ 34 S patterns record changes in marine iron supply across OAE-2, which impacted the kinetics of pyrite precipitation and extended the zone of pyrite precipitation deeper in the sedimentary profile. The highly reactive iron available for pyritization in marine environments is sourced from a mixture of detrital iron from the continents, hydrothermal iron from spreading ridges, and remobilized iron from biogeochemical cycling in shelf sediments (Poulton and Raiswell, 2002) . Most sediments from the southern proto-North Atlantic during OAE-2 have elevated Fe T /Al ratios (>0.5, the crustal average value) and near-zero δ 56 Fe compositions, suggesting that a significant component of the iron delivered to these sites was from hydrothermal sources (Owens et al., 2012) . The processes that facilitate the transport of hydrothermally sourced iron remain subjects of active research, but appear to involve stabilization of Fe 3+ in colloidal or nanoparticulate phases (Fitzsimmons et al., 2017) . Hydrothermal iron that encounters dissolved sulfide can precipitate as an Fe-sulfide and be trapped in place as pyrite, restricting the amount of iron that can be transported through euxinic basins to distal sites. In contrast, iron is highly mobile in anoxic but nonsulfidic seawater. The delivery of iron to Demerara Rise and Tarfaya Basin was therefore likely sensitive to the redox state of nearby environments, and hydrothermal iron delivery could have been significantly curtailed by nearby euxinia.
In addition to impacting the total flux of iron transported throughout the basin, expanding anoxia is likely to affect its mineralogy. The source of Fe for pyritization is commonly presumed to be dissolved Fe 2+ , which can be released from Fe III -bearing minerals by reduction either abiotically with bisulfide (Canfield, 1989) or biotically by Fe-reducing microorganisms. The rates of both types of iron reduction vary depending on the mineralogy and specific surface area of the Fe III involved: poorly crystalline oxyhydroxides like ferrihydrite and lepidocrocite are reduced within hours to days, while crystalline oxides and oxyhydroxides like goethite and hematite are reduced more slowly, and Fe-bearing silicates can persist for millennia (Poulton and Canfield, 2005; Raiswell and Canfield, 1996) . The bulk pyrite δ 34 S records we present here reflect the integrated pool of pyrite derived from precipitation on multiple timescales following Fe III -mineral (re-)reduction as well as potentially from ferric hydroxide surface-mediated reactions. Separating these various contributors to bulk pyrite records will be essential for understanding how expanding regional anoxia and euxinia impacted the abundance and mineralogy of iron sources and, by extension, the kinetics of pyritization. Trace metal concentrations and thallium isotopes from Demerara Rise provide evidence for the expansion of regional to more global anoxia prior to the onset of the OAE-2 C-isotope excursion (Ostrander et al., 2017; Owens et al., 2016) . Like iron, the redox-sensitive elements Zn, V, and Mo are readily sequestered in anoxic and/or sulfidic sediments, and this process is thought to be responsible for their apparent removal from seawater prior to OAE-2 (Owens et al., 2016) . Using an extrapolation of the estimated OAE-2 linear sedimentation rate (0. The gap in the Cismon y-axis represents 16 m of TOC-lean carbonates (∼2.9 Myr), and small black triangles are previously published pyrite (CRS) data (Gomes et al., 2016) . The C-isotope excursion, representing an estimated 500 kyr of accumulation, is outlined in purple. Pyrites from Demerara Rise, Tarfaya Basin, and Pueblo all become more 34 S-depleted leading up to the onset of OAE-2.
tensification of regional to global anoxia prior to the OAE and an expansion of sulfidic conditions globally (Owens et al., 2013) . Changes in the delivery of iron to sites in the southern protoNorth Atlantic could have generated the shift in pyrite δ 34 S that we observe by slowing the kinetics of pyrite formation. For example, if the combination of expanding euxinia and volcanic activity caused the main source of Fe at these sites to switch from more hydrothermally sourced, organic-complexed Fe III to detrital or volcanic crystalline oxy-hydroxides, the rate of Fe 2+ release to solution in sinking marine particles could have dropped dramatically. The conceptual model put forth in Fig. 9 predicts that this scenario would yield more 34 S-depleted pyrite overall. Importantly, this could occur while the total quantity of pyrite eventually buried remained nearly constant. At Pueblo and Tarfaya Basin, the onset of the shift toward more 34 S-depleted pyrite is staggered relative to Demerara Rise (Fig. 10) .
Using published interpolated Ar-Ar ages from ammonite biozones, pyrite δ 34 S values at Pueblo drop in two stages at ∼400 kyr and ∼200 kyr before the onset of OAE-2 (Adams et al., 2010) . At Tarfaya Basin, if we extrapolate estimated OAE-2 accumulation rates (3.3 cm/kyr) similar to Demerara, then the pyrite δ 34 S shift occurs ∼82 kyr before the OAE. Osmium, strontium, and other geochemical proxies indicate regional heterogeneity in hydrothermal activity in different ocean basins at this time (du Vivier et al., 2014) , which would also impact hydrothermal iron fluxes (Owens et al., 2012) . The Western Interior Seaway has a different redox structure leading up to OAE-2 than the rest of the proto-North Atlantic and Tethys, which likely leads to differences in the history of iron cycling among these sites.
Records from OAE-2 exemplify how the timing and location of pyritization can be affected by changes in iron supply in addition to changes in sulfur cycling. They also suggest that organic S should be incorporated into future models for the S cycle for OAEs. For example, because organic S is more typically more 34 Senriched than pyrite, previous estimates for the extent of euxinia during OAE-2 based on S-isotope mass balance (e.g., Owens et al., 2013 ) may be conservative. OM sulfurization could have been an important factor for driving high organic carbon mass accumulation rates even for localities with low TOC (Owens et al., 2018) , supporting massive global OM burial. By investigating the S-isotope behavior of both pyrite and OM, we can begin to take full advantage of these complex and powerful archives.
Conclusions
Rapid, particle-hosted OM sulfurization may have been a central process facilitating enhanced OM preservation across large swaths of the Tethys and North Atlantic Oceans before, during, and after OAE-2. Explicit consideration of rapid OM sulfurization in O 2 -limited environments thus has the potential to improve models of TOC preservation and remineralization in both modern and ancient systems.
Paired OM and pyrite δ 34 S profiles make it possible to disentangle the effects of chemocline position, sulfate reduction rate, and regional-to-global geochemical perturbations on S-isotopes in the rock record. In the several hundred thousand years leading up to the onset of OAE-2, pyrite and OM δ 34 S records indicate a globally widespread change in the timing of pyrite formation relative to OM sulfurization, which both S-isotope and speciation (XAS) data argue occurred consistently across this interval. A regional expansion of euxinic conditions and changes in volcanic activity may have contributed to changes in the speciation of iron available for pyritization and thus to the relatively slow formation of relatively 34 S-depleted pyrite during the OAE. This change in global iron cycling could not be identified from pyrite δ 34 S profiles alone, underscoring the value and untapped potential of paired pyrite -OM S-isotope records for exploring the geologic record. 
